ABSTRACT Aims/Introduction: The principal aim of the present study was to investigate the cardiovascular autonomic system status of diabetes patients using approximate entropy (ApEn) extracted from 24-h heart rate variability (HRV) and its frequency components. Materials and Methods: A total of 29 healthy controls and 63 type 2 diabetes patients were included. Participants' 24-h HRV signals were recorded, and decomposed and reconstructed into four frequency components: high, low, very low and ultra low. The total 24-h HRV and its four components were divided into 24 1-h segments. ApEn values were extracted and statistically analyzed. Four traditional HRV indices, namely standard deviation of the RR intervals, root mean square of successive differences, coefficient of variance of RR intervals and ratio of low to high power of HRV, were also calculated. Results: The low-frequency component contained the most abundant non-linear information, so was potentially most suitable for studying the cardiovascular system status with non-linear methods. ApEn values extracted from low-and high-frequency components of healthy controls were higher than those of diabetes patients. Except for root mean square of successive differences, standard deviation of the RR intervals, low to high power of HRV and coefficient of variance of RR intervals of healthy controls were all higher than those of diabetes patients.
INTRODUCTION
Diabetic autonomic neuropathy (DAN) is a common and serious complication of diabetes. When autonomic nervous system disorders occur, angina or myocardial infarction might be painless, which greatly increases the risk of cardiovascular disease events. Therefore, cardiac autonomic dysfunction is usually considered to be a risk factor for cardiovascular disease, and a major cause of morbidity and mortality in diabetes [1] [2] [3] . Studies have reported cardiovascular autonomic neuropathy in the early stages of diabetes or subclinical cardiovascular disease [4] [5] [6] . As an effective, non-invasive indicator to assess the activity, balance and certain pathologies of the autonomic nervous system, heart rate variability (HRV) has been shown to be closely related to cardiovascular events. In the early 1980s, Ewing et al. 7 measured differences in the RR intervals of diabetes patients to detect autonomic nerve damage. Since then, further studies on cardiovascular autonomic system status using HRV time and frequency domains have been carried out [8] [9] [10] [11] [12] [13] [14] . Compared with short HRV recordings, 24-h HRV potentially contains more information about the regulation of the cardiac autonomic nervous system. Furthermore, studies have been carried out on the 24-h HRV of patients with diabetes [15] [16] [17] [18] [19] [20] . Most showed that patients with diabetes usually had lower indices of HRV in time domains, and that the ratio of low-frequency (LF) to high-frequency (HF) components was significantly changed in patients with diabetes 18 . In addition to analyzing time and frequency domains, non-linear analysis of HRV has been used in recent years. Information on pathological status can be shown by extracting non-linear features of the HRV, and establishing the relationship between observed characteristics and physiological phenomena. Non-linear indices include the Lorenz plot, complexity degree and approximate entropy (ApEn) 21, 22 . Molina-Pic o et al. 23 analyzed the influence of QRS detection errors in HRV results based on signal entropy measures, and showed that analysis based on ApEn and sample entropy (SampEn) might fail in signal classification tasks because of the presence of certain types of noise. Nikolopoulos et al. 24 studied 2-h recordings of HRV from healthy subjects and patients with coronary artery disease and normal left ventricular function, and showed that the Fourier transform and autocorrelation functions could not provide an accurate and clear quantitative categorization, whereas ApEn succeeded in clearly and accurately differentiating between the two groups. Guerra et al. 25 showed that ApEn extracted from impedance cardiography signals was significantly higher in subjects with metabolic syndrome compared with those without. Vigo et al. 26 studied SampEn of HRV within independent frequency components in awake individuals, and during slow-wave and rapid eye movement sleep in 10 healthy adults. A higher SampEn was found when analyzing global variability and very low frequency (VLF) variability during slowwave sleep. The authors proposed that non-linear HRV was a useful index of autonomic activity that characterized different sleep-wake cycle stages. Vandeput et al.
27 studied 24-h Holter recordings in a healthy population, showing higher non-linear behavior during the night, and non-linear heart rate fluctuations declining with increasing age, supporting the involvement of the autonomic nervous system in the generation of non-linear and complex heart rate dynamics. Corino et al.
28 studied 24-h electrocardiogram (ECG) recordings in healthy subjects aged 20-85 years, and confirmed that increasing age during adult life was associated with a reduction in overall HRV and also in the complexity of physiological dynamics. Studies have also been carried out on HRV using both linear and non-linear methods. Pivatelli et al. 29 evaluated the linear and non-linear HRV indices in stable angina patients undergoing coronary angiography, and found that the best discriminatory power for the presence of significant coronary obstruction was high frequency (HF) in absolute units, root mean square of successive differences (rMSSD), ApEn and total number of adjacent RR intervals with a difference of duration >50 ms (NN50).
ApEn is one of the most important approaches to studying HRV because of its quantitative capability for regularity of time series. Compared with short ECG recordings, 24-h ECG recordings might provide a more complete description of HRV dynamics, because during a 24-h period, the subject will experience many different stimuli, and the autonomic nervous system is probed in a variety of situations, not only in laboratorycontrolled conditions. Therefore, the present study evaluated ApEn from total 24-h HRV and four different frequency components of 24-h HRV recordings, obtained from patients with type 2 diabetes and healthy controls. ApEn values were extracted from 0 to 24 h at hourly intervals, and the ApEn curves from the two groups were represented graphically. ApEn values from four time periods were studied for the two groups. 30 . Among the participants with type 2 diabetes, there were 41 patients with complications and 22 patients without complications. The complications included hypertension, dyslipidemia, hyperuricemia and so on. For diabetes patients, digitalis and b-blockers were not taken within at least 48 h before the start of the study.
MATERIALS AND METHODS

Study Participants
Data Acquisition
The 24-h ECG of participants was collected by a Holter recorder. The 24-h HRV data were detected automatically by Holter system from ECG data. To eliminate the pseudo-RR intervals caused by the interference signals, the data were then revised manually and saved by a skilled doctor from the ECG laboratory.
Signal Preprocessing
Because of different starting time recording for all participants, first all data were adjusted to start from 0 h. Then, by a sevenlevel wavelet decomposition and reconstruction with Daubechies 5 wavelet, 24-h HRV was decomposed into four sections representing different frequency domains, namely high frequency (HF; 0.15-0.4 Hz), low frequency (LF; 0.04-0.15 Hz), very low frequency (VLF; 0.003-0.04 Hz) and ultra-low frequency (ULF; 0-0.003 Hz). Afterwards 24-h signals were divided to 24 segments from 0 to 24 h at hourly intervals.
Extraction of ApEn
ApEn was proposed by Pincus in 1991 as a method for measuring regularity and complexity in time series, and has been successfully used to analyze physiological time series 31 . As a quantification of regularity in data, ApEn can be used to measure the abnormality and complexity of signals. The more complex and irregular the signal is, the higher the ApEn value. An advantage of ApEn is the relatively low data sample size required -approximately 100-5,000 points. For a 1,000-point dataset, a robust ApEn can be obtained, with favorable antinoise and antijamming. The ApEn algorithm is described by Pincus 31 , and not repeated in detail here. Given N data points, X(1), X(2), X(3), . . ., X(N), the ApEn (m, r, N) is estimated, where r is a threshold and m a window size. In the current study, m was chosen to be 2, and r was chosen to be 0.2 times the standard deviation of the raw data.
Time and Frequency Domain Methods
For comparison, four traditional HRV indices in time and frequency domains including standard deviation of the RR intervals (SDNN), rMSSD, coefficient of variance of RR intervals (CVrr) and ratio of low to high power of HRV (LHr) were calculated 32 .
Statistical Analysis
Four traditional indices of 24-h HRV were analyzed with independent samples t-test. The parameters from four time-periods, namely 00.00-01.00, 08.00-09.00, 12.00-13.00 and 20.00-21.00 h, were analyzed with repeated measures ANOVA. Data were expressed as mean -standard deviation, and P < 0.05 was considered statistically significant. Statistical analysis was carried out using SPSS Statistics for Windows, version 17.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
ApEn values from four time-periods of the total 24-h HRV and the four frequency components are shown in Table 1 . Four indices of 24-h HRV from time and frequency domains are shown in Table 2 .
Analysis of ApEn Values From 24 Segments of Total 24-h HRV and its Four Components
To study the correlation between ApEn from different frequency components and that from the total HRV, data from healthy controls were analyzed first. Figure 1 shows the ApEn curves from healthy subjects. With correlation analysis on subcomponent signals and total 24-h HRV, linear correlation only existed between ApEn from the LF component and that from the total HRV (r = 0.492, P = 0.0147). Figure 1 showed ApEn curves from each 1-h interval of the 24-h HRV from the total HRV and the four frequency components. It can be seen that ApEn values from the ULF component were very small, meaning that it contained little non-linear information, consistent with the strong regularity characteristic of ULF components. Therefore, non-linear methods were not suitable for analyzing the ULF component. The highest ApEn values were from the LF component, indicating it contained much non-linear Data expressed as mean -standard deviation. HF, high frequency; HRV, heart rate variability; LF, low frequency; VLF, very low frequency; ULF, ultralow frequency. Data expressed as mean -standard deviation. CVrr, coefficient of variance of RR intervals; LHr, low to high power of heart rate variability; rMSSD, root mean square of successive differences; SDNN, standard deviation of the RR intervals.
information. In addition, there was some non-linear information contained in the HF and VLF components. Figure 2 shows the ApEn curves from diabetes patients. With correlation analysis on subcomponent signals and total 24-h HRV from diabetes patients, there was a moderate correlation between ApEn values from the HF component and the total HRV (r = 0.690, P = 0.0002). A correlation also existed between ApEn values from the LF component and the total HRV (r = 0.677, P = 0.0003). As shown in Figure 2 , the distribution of ApEn curves for the total HRV and the four frequency components in patients with diabetes were similar to the results in healthy controls, therefore they are not discussed further.
Comparison of ApEn Values From the HRV and its Three Components of the Two Groups in Four Time-Periods
Because of the very small ApEn values obtained from the ULF component, it was not analyzed further. ApEn values from the three remaining frequency components and the total HRV of the two groups in four time-periods were analyzed using repeated measures ANOVA. ApEn values from the total HRV for the two groups were analyzed first. Mauchly's test of sphericity 33 showed the hypothesis was not true. After adjustment, there was a significant difference between ApEn values in at least two different timeperiods (Greenhouse-Geisser: P = 0.0007). There was no interaction between time-period and group (Greenhouse-Geisser: P = 0.879). Cubic fitting was suitable to fit ApEn curves. The two ApEn curves had a similar tendency of change (P = 0.0006; Figure 3) . ApEn values from healthy controls and diabetes patients were not statistically significantly different (P = 0.199).
When the ApEn values from the HF component of HRV from two groups were statistically analyzed, Mauchly's test of sphericity showed the hypothesis was not true. After adjustment, there was no statistical difference between ApEn values from different time-periods (P = 0.224). There was no interaction between time-period and group (P = 0.491). Cubic fitting was suitable to fit the ApEn curves (P = 0.02). The trends for the two curves were similar (P = 0.793), but the ApEn curve for healthy controls was clearly higher than that of diabetes patients (Figure 4) . The ApEn values from the two groups were statistically significantly different (P = 0.002). Clinically, it is thought that the HF component of HRV is related to respiratory sinus arrhythmia and mediated solely by parasympathetic activity. HF is predominant at night, which can be explained by a decrease of sympathetic activity in coincidence with parasympathetic arousal during the night. Comparing the results from the two groups, ApEn values from the healthy controls decreased more obviously from 00.00 to 08.00 h, whereas those from patients with diabetes increased more obviously from 08.00 to 12.00 h. In the four periods, the highest ApEn value was 00.00-01.00 h in healthy controls, but 12.00-13.00 h for diabetes patients. The results showed that parasympathetic nervous system activity in healthy controls was strongest at night, in line with what would be expected physiologically, whereas some impairment occurred in diabetes patients. ApEn values from healthy controls were clearly higher than those from diabetes patients, showing that parasympathetic nervous system activity was more complex in healthy controls. The standard deviations of ApEn values for the two groups were not clearly comparable.
The ApEn values from the LF component of HRV for the two groups were analyzed, and Mauchly's test of sphericity showed the hypothesis was true. It showed ApEn values from at least two different periods were statistically significantly different (P = 0.018). There was no interaction between time-period and group (P = 0.562). Cubic fitting was suitable to fit ApEn curves (P = 0.002). Trends for the two curves were similar (P = 0.812), but the ApEn curve for healthy controls was clearly higher than that of diabetes patients ( Figure 5 ). The ApEn values from the LF component of two groups were statistically significantly different (P = 0.0002). Clinically, it is generally thought that the LF component of HRV is related to baroreflex control and depends on sympathetic and parasympathetic mechanisms. LF is predominant at daytime, which is mainly dominated by sympathetic activity during the day. The ApEn results for both groups appeared high during the day and low at night, which is in accordance with normal physiological activities. The results also showed that trends in sympathetic nervous system activity of the two groups were normal to some degree, but that the sympathetic nervous system had more complex activity in healthy controls, and that their cardiovascular systems had better regulation capability to changes. Standard deviation was larger in diabetes patients, suggesting a wider spread of cardiovascular function status in diabetes patients. The ApEn values from the VLF component of HRV for the two groups were analyzed, and Mauchly's test of sphericity showed the hypothesis was not true. After adjustment, there was an interaction between time-period and group (P = 0.008). Simple effect analysis was therefore used here. Two independent samples t-tests showed there was no statistically significant difference in the two groups. ApEn curves for the two groups are shown in Figure 6 . Clinically, the VLF component of HRV is generally considered to reflect neuroendocrine and thermoregulatory influences. Further study is necessary to explore the significance of ApEn from the VLF component.
Comparison of Four HRV Indices in Time and Frequency Domains of the Two Groups in Four Time-Periods
Four indices of 24-h HRV from the two groups were statistically analyzed with independent samples t-test (Table 2) . Except for rMSSD, SDNN, CVrr and LHr were significantly different in the two groups, which were higher in healthy controls. That meant the autonomic system function of diabetes patient was worse. Furthermore, three indices in four time-periods were analyzed using repeated measures ANOVA.
SDNN of HRV was statistically analyzed, and Mauchly's test of sphericity showed the hypothesis was not true. After adjustment, SDNNs from at least two different time-periods were significantly different (P = 0.009). There was an interaction between time-period and group (P = 0.019), so simple effects analysis was carried out. In healthy controls, SDNN during 00.00-01.00 h was statistically different from that during 12.00-13.00 and 20.00-21:00 h, respectively. In diabetes patients, SDNN during 08.00-09.00 h was statistically different from that in the other three time-periods, respectively. Except for 08.00-09.00 h, SDNN in the other three time-periods were statistically different in the two groups. SDNN curves are shown in Figure 7 . Clinically, it is thought SDNN is related to both sympathetic and parasympathetic activity, and usually higher at night. By comparison, the highest SDNN for healthy controls appeared during 00.00-01.00 h, whereas the highest SDNN for diabetes patients appeared during 08.00-09.00 h. SDNN from healthy controls was higher, which indicated better function of the autonomic system.
CVrr of HRV was analyzed, and Mauchly's test of sphericity showed the hypothesis was not true. After adjustment, CVrr from at least two different time-periods (P = 0.0001) were statistically different. No interaction existed between time-period and group (P = 0.252). Quadratic fitting was suitable (P < 0.0001). CVrr trends from the two groups were similar (P = 0.386), but the values from healthy controls were higher (Figure 8 ). The CVrr values of two groups were statistically significantly different (P = 0.013). Clinically, it is generally thought that CVrr is related to the total autonomic system function. The results showed that autonomic system function of diabetes patients was worse. LHr of HRV from the two groups was statistically analyzed, and Mauchly's test of sphericity showed the hypothesis was true. It showed that ApEn values from four time-periods were not statistically significantly different (P = 0.292). There was an interaction between time-period and group (P = 0.001), so simple effects analysis was carried out. It showed in healthy controls, the LHr during 00.00-01.00 h was statistically different from that in the other three time-periods respectively; whereas in diabetes patients, LHr during 00.00-01.00 h was statistically different from that in 08.00-09.00 h. Except for 00.00-01.00 h, LHr in the other three time-periods were statistically different in the two groups. LHr values of HRV in the four time-periods from the two groups are shown in Figure 9 . Clinically, LHr reflects the balance of sympathetic and parasympathetic nerves. The LHr trends of the two groups were different, that from healthy controls appeared first rising then decreasing, whereas that from diabetes patients showed the opposite change.
DISCUSSION
Cardiac autonomic neuropathy (CAN) can occur early in the course of diabetes. Assessment of cardiac autonomic function is very important for patients with diabetes, as it contributes to the evaluation of cardiovascular risk. HRV analysis is one of the principal non-invasive methods for studying cardiac autonomic function. Because of the non-linear properties of HRV, non-linear methods are more suitable for analysis of HRV in time and frequency domains compared with conventional methods [34] [35] [36] . Considering that different physiological information can be obtained from different frequency domains of HRV, in the present study, ApEn values were extracted from the total 24-h HRV, and four different frequency components with 1-h intervals, to analyze cardiac autonomic function in patients with diabetes.
We obtained results for four different frequency components (LF, HF, VLF and ULF) in healthy subjects and patients with diabetes. Comparing the ApEn curves from the two groups, the ApEN curve for the LF component was highest, meaning this component contained the most abundant complexity information. Because of this, we suggest that the LF component is likely to be the most suitable for extracting non-linear characteristics for analysis using non-linear dynamics theory. Clinically, therefore, this is also likely to be the most suitable component for studying cardiac autonomic function in patients with cardiovascular diseases. There was also some non-linear information contained in the HF and VLF components. The ULF component was the most regular and contained little complexity information, and was therefore not suitable for non-linear analysis.
Further comparative analysis found that ApEn from both the total HRV and VLF component were not significantly different in the two groups. However, there was a significant difference in ApEn both from LF and HF components between the two groups. This shows that after decomposition, it is likely that further non-linear information could be extracted from the LF and HF components, which would be more effective in distinguishing healthy individuals and patients with diabetes. ApEn curves from the LF and HF components of healthy controls were higher than those from diabetes patients, showing that the cardiovascular system of healthy controls contains more complex information, and the regulatory ability of the autonomic nervous system is stronger.
Both ApEn curves from the LF component of the two groups showed a trend of first rising then decreasing during the daytime period, which is in line with what would be expected in human physiology: during daytime hours, activity levels are greater, the sympathetic nervous system is dominant and cardiovascular system activity is more complicated. In comparison, the ApEn values from diabetes patients were lower and variability was larger, meaning that heart rate variability of diabetes patients is reduced, and sympathetic nervous system activity is weaker.
ApEn curves from the HF component showed that parasympathetic nervous system activity in healthy controls was more complicated. The ApEn curves from healthy controls were in accordance with the laws of physiology; that is, the parasympathetic nervous system dominated at night. However, the ApEn curve from diabetes patients was higher during daytime than at night, showing that there was some disorder in parasympathetic nervous system regulation.
From the four indices of 24-h HRV in the time and frequency domains, it could be seen that both SDNN and LHr from the healthy controls were in accordance with normal values of standard measures of HRV suggested by the Task Force of The European Society of Cardiology and The North 
